Introduction
Host genetic factors are known to influence the course of HIV-1 infection, and are likely to operate at several levels to influence disease phenotype. 1, 2 For example, the ability to mount an effective and durable cytotoxic T-lymphocyte response to HIV has been shown to influence pretreatment viral load, 3, 4 which in turn predicts CD4 þ decline and progression to AIDS. 3, [5] [6] [7] In this context, associations between viral load set point and particular HLA class I alleles and MHC haplotypes have been identified, [8] [9] [10] [11] with evidence that HLA-restricted immune responses represent a major selective force for viral adaptation at both the individual and population level. 4 However, other genetic factors such as the NK cell receptors, Killer Immunoglobulin-like Receptor (KIR) genes, which directly interact with HLA could also affect the susceptibility of CD4 þ T-cells to undergo cell lysis independent of the viral burden, and may also play a role in determining the development of individual AIDSdefining illnesses by specifically shaping the immunological response to opportunistic pathogens. 1, 2 The KIR genes on chromosome 19p13.4, like the HLA genes on chromosome 6p21.3, are recognition molecules critical for host immune responses and are encoded within a highly polymorphic region of the human genome. The KIR gene complex demonstrates strong interlocus linkage disequilibrium (LD), producing a number of relatively common KIR genotypes [12] [13] [14] [15] that can be resolved into two broad haplotypes (denoted 'A' and 'B') consisting of a centromeric and a telomeric region separated by framework loci that are common to both haplotypes (see Figure 1) . As is the case for the MHC region, this haplotypic organisation is likely to define the limits within which disease associations can be resolved to individual genetic loci. 16, 17 There are now numerous studies indicating the relevance of the KIR genes with their HLA ligands to a number of diseases (eg Psoriatic Arthritis, diabetes) and infection outcome (Hepatitis C). [18] [19] [20] A role for the KIR system in influencing outcome in HIV-1 infection is likely given the role of KIRs in controlling NK mediated cytotoxicity. For example, KIRs monitor the expression of self-MHC class I motifs presented on the surface of infected cells and can induce cytotoxicity when expression is absent ('missing self'), 21 thereby providing a mechanism by which immune surveillance can be preserved in the face of downregulated MHC Class I expression induced by HIV regulatory proteins 22, 23 and by other immunomodulatory viruses such as Kaposi's sarcoma-related human herpesvirus. 24, 25 In this respect there is evidence that these viruses have evolved under selective pressure provided by KIR-mediated cytotoxicity, as their propensity to escape immune surveillance through reduced surface MHC Class I expression has been balanced by the preserved expression of specific MHC class I loci (eg HLA-C and HLA-E) that generally act as inhibitory ligands for KIRs. 21 Accordingly, recent in vitro evidence strongly supports a role for HLA-C and HLA-E expression in preventing NK-mediated cytotoxic responses directed against HIV-1-infected CD4 þ T-cells. 26, 27 The effects of KIRs on host immune responses are modulated by their specific interaction with their ligands, which may result in either activation or inhibition of cytotoxicity. Several inhibitory KIR ligands are known (reviewed in Long et al 28 ) although the ligands for a number of activating KIRs remain unknown. The immunological consequences of KIR/ligand binding may therefore reflect specific interactions between KIR and HLA molecules, and the balance between activating and inhibitory responses that are mediated by multiple KIRs. In the case of HIV-1 infection, a previous study has revealed an association between rapid progression to AIDS and an activating KIR gene (KIR3DS1), and selective abrogation of this effect in the presence of HLA Bw4 alleles that encode an inhibitory KIR ligand. 29 The epistatic interaction between these HLA and KIR alleles resulted in significant protection from AIDS.
In this study, we have studied associations between KIR genotypes and haplotypes and their HLA ligands with HIV-1 disease outcomes. Our results suggest that KIR and HLA alleles act both independently and synergistically to modify the host response to HIV infection, and that effects of KIR genotype can be seen at multiple levels in the progression of HIV/AIDS. Moreover, the magnitude of some of these host genetic effects on the course of HIV-1 disease progression may be relevant to the clinical management of HIV-1 infection.
Results

HLA and KIR genotype have different effects on initial %CD4
þ T cells and rate of CD4 þ T-cell decline Initially, we examined associations between host genetic markers, including KIR genotype and markers previously shown to influence HIV outcome, and CD4 þ T-cell measures, utilising a well-characterised longitudinal cohort of 191 Caucasoid HIV-1 infected individuals from the Western Australian HIV cohort 30 (Table 1 ) with documented seroconversion times. The results for all markers examined in this longitudinal study are given in Table 2 . Carriage of HLA-B*5701 was associated with significantly higher average initial %CD4 þ T-cells (P ¼ 0.05), but was not associated with differences in the rate of subsequent %CD4 þ decline (P ¼ 0.4), as shown in Figure 2a . In contrast, two KIR loci known to be in strong LD carried on the centromeric region of the 'B' haplotype (KIR2DS2 and KIR2DL2) were significantly associated with rapid rate of %CD4 þ decline (P ¼ 0.005 and 0.006, respectively; Table 2 ). In particular, as shown in Figure 2b , the presence of KIR2DS2 was associated with a significantly faster rate of %CD4 þ decline (P ¼ 0.005) while having no significant impact on CD4 þ T cells at the time of seroconversion (P ¼ 0.4). Given the decay in the LD across the KIR region, [12] [13] [14] [15] the KIR2DS2 results may reflect the importance of the centromeric part of the 'B' haplotype. Interestingly, in our cohort, we were unable to show any significant effect of KIR3DS1 on either %CD4 þ decline or time to AIDS.
We next examined whether the number of KIR2DS2 copies was important. Our KIR typing method (described in Patients and methods) does not allow the direct determination of gene copy number; however, we used the allelic nature of KIR2DL3 with KIR2DL2 and thus KIR2DS2 to indirectly define the number of KIR2DS2 Influence of genetic systems on HIV progression S Gaudieri et al copies. The gene number of KIR2DS2 was associated with more rapid CD4 þ T-cell decline (P ¼ 0.004; Figure 3a ). These results are consistent with the finding that KIRs generally encoded on the 'B' group haplotypes are associated with relatively faster rates of CD4 þ T-cell decline compared with functional KIRs present within the 'A' haplotype (see Table 2 ).
HLA and KIR genotype both influence rate of progression to AIDS We next examined whether host genetic factors influence the risk of progression to AIDS in the same longitudinal cohort. These analyses were designed to assess the contribution of HLA and/or KIR genetic factors to AIDS risk bearing in mind that genetic effects could impact this risk in two ways, either through an influence on the severity of immune deficiency over time (measured by CD4 þ T-cell count decline) or by directly modifying the risk of developing specific AIDS-defining illnesses over and above their effects on CD4 þ T-cells.
HLA genotype associations. As expected from the previous observations regarding their impact on CD4 þ Tcell levels, HLA-B*5701 was associated with prolonged time to AIDS diagnosis (relative hazard (RH)o0.1, Po0.001) ( Table 2 ). In contrast, HLA-B*35 Px alleles were associated with a trend towards an increased RH for rapid progression to AIDS. The known KIR ligands HLA-B Bw4 or Bw4(80Ile) and the HLA-C C1 and C2 alleles revealed no significant effects on HIV outcomes in univariate analysis (Table 2 ).
KIR genotype associations. As may have been anticipated by the effects of the centromeric 'B' haplotype (marked by KIR2DS2 and KIR2DL2) on CD4 þ T-cell decline, analyses showed KIR2DS2 was associated with faster progression to AIDS (RH ¼ 2.1, P ¼ 0.04). However, this effect on AIDS risk did not appear to be completely explained by the more rapid decline in immune function seen in the CD4 þ profiles. While a centromeric 'B' haplotype dosage effect on time to AIDS is also evident (Figure 3b , RH ¼ 2.1 per KIR2DS2 copy number, P ¼ 0.01), it appears that there is a moderating influence that can be attributed to the inhibitory gene KIR2DL3 (RH ¼ 0.2, P ¼ 0.02) and/or one of the other 'A' haplotype genes in strong LD with it, such as KIR2DL1(A)
Hence, these data suggest that the detrimental effects of the number of centromeric 'B' haplotypes present on HIV-1 disease are mediated in part by a direct impact on CD4 þ T-cell decline, but the risk of developing an AIDSdefining illnesses may be modified by specific genetic effects that are independent of the severity of CD4 þ depletion. Interestingly, KIR2DS3, the gene with the lowest frequency (0.25), had the highest RH for time to AIDS of all the activating genes (RH ¼ 2.2, P ¼ 0.05). While this gene can be located at either the centromeric or telomeric end of the 'B' haplotype, it appears to more often be the former (LD ¼ 0.07 vs LD ¼ 0.05). Of note also, the haplotype dosage effect observed at the centromeric end was not evident at the telomeric end (P ¼ 0.2; data not shown). Although the absence of the inhibitory gene KIR3DL1 was associated with faster progression to AIDS (RH ¼ 1/0.1 ¼ 10, P ¼ 0.02), no significant detrimental effect was specifically observed with presence of either KIR2DS1 or KIR3DS1.
Notably, adjusting for carriage of HLA-B*5701 and -B*2705 in multiple gene analyses did little to abrogate the observed KIR gene effects on progression to AIDS. In particular, the effects of carriage of KIR2DL3, KIR3DL1 and KIR2DL3 remained significant (P ¼ 0.05, 0.03 and 0.05, respectively) as did the gene number of KIR2DS2 (P ¼ 0.01).
HLA, but not KIR genotype, influences pretreatment viral load set-point We next set out to confirm previously reported associations between host genetic markers and pretreatment viral load set point, utilising the cross-sectional cohort of 174 Caucasian individuals with high-resolution pretreatment viral load data obtained for the purposes of investigating host-viral interactions at a population level. 4 As expected, HLA-B*5701 (P ¼ 0.002), -B*2705 (P ¼ 0.07), -B Bw4 (P ¼ 0.02) and CCR5D32 (P ¼ 0.04) were strongly associated with a significantly lower viral load set point, 1, 2, 31 although the effects of HLA-B Bw4 were abrogated in multivariate analysis adjusted for the Bw4-associated alleles HLA-B*5701 and -B*2705. No significant associations between any KIR gene and viral load set point were detected (all had a P40.2).
HLA and KIR working synergistically
Regulation of NK cell function is mediated through the interaction of inhibitory and activating KIR with their HLA ligands, effects that may not be captured in simple single gene analyses. As this study lacks the numbers to sufficiently power multiple gene analyses that include interaction terms, we have chosen instead to investigate potential interactions between KIR and their known HLA ligands on HIV disease progression by qualitatively examining differences observed between the single gene analyses of Table 2 and the gene effects when the sample was restricted to those carrying the appropriate ligand. In particular, in analyses of effects on progression to AIDS and rate of %CD4 þ decline, we considered KIR3DL1 or KIR3DS1 and carriage of HLA-B Bw4 alleles (including the subset of alleles carrying Bw4(80Ile)); In total, 80 individuals in both groups.
Influence of genetic systems on HIV progression S Gaudieri et al KIR2DL2, KIR2DS2 or KIR2DL3 and carriage of HLA-C C1 alleles; and KIR2DS1 or KIR2DL1 and carriage of HLA-C C2 alleles.
We first looked at effects of KIR genes in the presence of their putative ligands on time to AIDS. When the sample was restricted to those carrying HLA-B Bw4 alleles, there was a marked increase in the protection afforded by carriage of KIR3DL1 (RH ¼ 0.04, P ¼ 0.007, n ¼ 82). While there was no evidence of an interactive effect between HLA-B Bw4 and KIR3DS1 on development of AIDS, when this analysis was restricted to the carriers of HLA-B Bw4(80Ile), there was a notable increase in the RH associated with KIR3DS1 (RH ¼ 14, P ¼ 0.02, n ¼ 34). Interestingly, this effect is opposite to that observed by Martin et al 29 in their European American cohort although they were unable to demonstrate a significant synergistic relationship when considering death or time to AIDS using the 1987 definition (as used in our study). Homozygosity for either or both alleles at the HLA-B and -C loci to two digit resolution. Analysis using high-resolution typing did not alter the results. In addition, the presence of homozygosity for 0, 1 or 2 loci of the HLA-B and -C loci did not produce significant results with any of the variables. 
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Restriction to carriers of HLA-C C1 made little difference to the protective effect of KIR2DL3 (RH ¼ 0.25, P ¼ 0.02) although a moderate increase in the RHs associated with both KIR2DS2 and KIR2DL2 was observed (RH ¼ 2.40, P ¼ 0.02, n ¼ 125 and RH ¼ 2.23, P ¼ 0.03, n ¼ 128 respectively). When this analysis was restricted to carriers of HLA-C C1 no significant effects of either KIR2DS1 or KIR2DL1(A and B) were observed but there was a notable increase in the protection associated with KIR2DL1(A) (RH ¼ 0.04, P ¼ 0.02, n ¼ 46).
KIR gene effects on rate of %CD4 þ decline in ligandrestricted analyses were also found to be enhanced in most cases, either notably (KIR3DL1, KIR2DS1, KIR2DL2) or at least slightly (KIR2DL3, KIR2DL1, KIR2DS1). The one exception was the effect of KIR3DS1 among carriers of HLA-B Bw4(80Ile). In contrast to the tendency for an increased rate of %CD4 þ T-cell decline associated with carriage of KIR3DS1 in the unrestricted analysis is shown in Table 2 (relative rate of decline ¼ 1.2, P ¼ 0. 3), a slower rate of decline was observed when restricting to carriers of HLA-B Bw4(80Ile) (relative rate of decline ¼ 0.7, P ¼ 0.6, n ¼ 36). In this case, the direction of the observed effect is consistent with delayed progression to a CD4 þ count o200 as found by Martin et al.
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Discussion
Our study shows associations between both HLA and KIR genotype and the outcome of HIV-1 infection, which operate at multiple levels to modulate the progression of HIV disease. From a clinical perspective, these host Restricting the data shown to no more than 4 years follow-up gave stronger results in the mixed-effects models: increased rate of decline in the presence of KIR2DS2 (P ¼ 0.001), while greater difference at baseline in the presence of HLA-B*5701 (P ¼ 0.02), but similar rate of decline (P ¼ 0.8). þ decline and (b) Kaplan-Meier plots of progression to AIDS. KIR2DS2 gene number defined by: 0-presence of KIR2DL3 and absence of both KIR2DL2 and KIR2DS2; 1-presence of KIR2DL3 and both KIR2DL2 and KIR2DS2; 2-absence of KIR2DL3 and presence of both KIR2DL2 and KIR2DS2. Plots are adjusted for age, sex and route of transmission. The copy number of KIR2DS2 was significantly associated with more rapid decline of CD4 þ T cells (P ¼ 0.004; Wald test) and more rapid progression to AIDS (P ¼ 0.01, likelihood ratio test).
Influence of genetic systems on HIV progression S Gaudieri et al genetic factors have appreciable effects on HIV-associated outcomes. For example, on average carriers of the KIR2DS2 gene would be anticipated to progress to 15% CD4 þ T cells (approximating a CD4 þ T-cell count of 200 cells/mm 3 ) approximately 4 years faster than those who lacked this gene (see Figure 2) , despite similar levels of viremia during this pretreatment phase. Similarly, the activating receptors (eg KIR2DS2, KIR2DS3) usually located on the KIR 'B' haplotype were associated with multiple measures of detrimental outcome. It is therefore plausible that inheritance of this haplotype provides an increased risk of 'unbalanced' effects of activating KIRs that may be modified by a number of factors. Exploratory studies such as this, which involve complex regions containing genes under strong LD (eg KIR and MHC), highlight the need for single-gene analyses to be considered in the context of haplotype organisation.
The expression of appropriate HLA ligands for inhibitory (and potentially activating) KIRs provides another source of host genetic variation that may shape the NK-mediated response to infection (reviewed in Khakoo and Carrington 32 ). The haplotypic organisation of the MHC region is also likely to be an important factor when considering epistatic associations between HLA and KIR genes, in that inheritance of HLA-B/-C haplotypes directly shapes the repertoire of HLArestricted epitopes (eg HLA-C C1/C2, HLA-B Bw4/ Bw6) that can be utilised by KIRs to modulate NKmediated cytotoxicity. 33 A limitation of this study is that the method used to type the KIR genes detects the presence or absence of a gene, but does not define recently described alleles. 34 Hence, improved discrimination of allelic variants may better define the haplotypes within the KIR complex, as has been shown in the MHC, and may allow the identification of even stronger associations between disease phenotypes and KIR genotype.
In conclusion, our findings indicate that KIR genes influence HIV disease progression, contributing along with HLA and chemokine receptor/ligands to a complex network of genetic effects that combine to create a highly individualised host immune response to infection. These findings are consistent with those of Martin et al, 29 who have previously demonstrated that KIR/HLA ligand interactions influence HIV outcome. In this study they showed a synergistic effect of KIR3DS1 and HLA-B Bw4 (80Ile) on HIV outcomes that take into account CD4 þ T-cell counts (AIDS 1993 definition). However, this association was not evident when the 1987 definition for AIDS (which does not include CD4 þ T-cell measures) was used. The results from our study show a significant association between rapid progression to AIDS and the presence of KIR3DS1 and HLA-B Bw4 (80Ile) using the 1987 AIDS definition. However, when the analysis examined %CD4 þ decline among the seroconverter group, the presence of KIR3DS1 and HLA-B Bw4 (80Ile) was associated with slower %CD4 þ decline (although not significant), akin to the results found by . As the 1987 definition of AIDS is primarily dependent on the reporting of opportunistic infections, differences observed in analysis outcomes could well be compounded by population differences such as variation in prevalence of and susceptibility to specific pathogens.
Our study provides further evidence that KIRrestricted NK-dependent cytotoxicity relies on a highly developed system that is relevant to clinical disease and its management. Furthermore, the effect of KIR and HLA on HIV outcome can occur at different levels as highlighted by the association of KIR2DS2 with more rapid %CD4 decline and progression to AIDS but having no effect on viral load.
Patients and methods
Patients
Patients for this study were drawn from participants within the Western Australian HIV Cohort study. 30 Comprehensive demographic and clinical data for each patient including history of HIV disease outcome and opportunistic infection, antiretroviral drug treatment, and viral load measurements, CD4
þ T-cell and total lymphocyte counts were available at approximately 3-4 month intervals (mean ¼ 3.8 months). From this patient group, two cohorts were derived for our studies. First, longitudinal analyses of pretreatment CD4 þ T-cell decline and survival analyses investigating progression to AIDS were undertaken within a cohort of 191 Caucasian individuals in whom time of seroconversion could be ascertained by either a documented seroconversion event or an interval of no more than 3 years between negative and positive HIV antibody results. In the latter case, time of seroconversion has been taken to be the mid-point of the seroconversion interval. Second, in order to examine effects of genetic factors on pretreatment viral load set point, cross-sectional analyses were undertaken in a cross-sectional cohort of 174 Caucasian HIV patients prior to any antiretroviral treatment. The demographic and clinical profiles of study participants are shown in Table 1 .
HLA class I high-resolution typing HLA class I typing was performed by direct DNA sequencing using published methods. 35 Allele assignments were obtained using the locally developed program Assign. Ambiguities were resolved following sequencing with allele specific subtyping primers or by allele assignments based upon known allelic frequencies in our population.
KIR PCR-SSP typing
The KIR gene repertoire was determined by the use of PCR-sequence specific priming (SSP) assays for 13 different KIR genes. PCR-SSP for KIR2DL1, 2DL2, 2DL3, 2DL5, 3DL1, 2DS1, 2DS2, 2DS3, 2DS4 (functional), KIR1D, 2DS5 and 3DS1 genes were performed separately in single reactions using primers and conditions previously described. [36] [37] [38] [39] LD between pairs of KIR genes were calculated using the formula of Cavalli-Sforza and Bodmer. 40 
Statistical methods
Longitudinal CD4
þ T-cell analysis (decline in immune function). Linear mixed effects models were utilised for the assessment of decline in sequential pretreatment %CD4 þ over 10 years postseroconversion. Measurements of %CD4 þ were used in preference to cell number because they are less prone to transient fluctuations and can be modelled directly rather than requiring a squareroot transform to obtain approximately normal withinindividual errors (correlation between %CD4 þ and Influence of genetic systems on HIV progression S Gaudieri et al sqrt(CD4 þ count) ¼ 0.71, Po0.0001). Quadratic functions were used for estimation of %CD4 þ profiles at both the individual-specific (random effects) and populationaverage (fixed effects) levels. Indicators for the genetic variables of interest were included as covariates acting on the linear term as well as the intercept of the fixed effects. This enabled assessment of possible genetic differences in both the rate of decline of %CD4 þ in the years following infection with HIV-1 and the baseline levels following the acute infection phase. Wald type tests were used for these assessments. For each genetic variable (presence relative to absence), the relative rate of %CD4 þ decline was calculated from the average decline of the fitted profiles over 10 years postseroconversion.
Survival analyses. Genetic factors affecting time from seroconversion to AIDS (1987 definition) were investigated by survival analysis of those in the longitudinal group who were under observation prior to the introduction of potent antiretroviral therapy in late 1996, with event times censored at this date. Cox regression models were used for the analyses with (partial) likelihood ratio tests determining the given Pvalues. Proportional hazards assumptions of the fitted models were assessed by application of the test of Grambsch and Therneau. 41 The RHs pertaining to genetic type (presence relative to absence) were calculated from the fitted Cox models.
Cross-sectional analyses of genetic markers. Simple linear regression models were used for cross-sectional analyses investigating the influence of HLA class I alleles, CCR5D32 and the presence of individual KIR genes on viral load set point (first available pretreatment measure of plasma HIV-1 RNA (log 10 copies/ml) obtained at least 3 months after seroconversion). The models were fitted with indicators for genetic type as the main effect.
All analyses were carried out using the S-PLUS software package (Insightful Corporation, Seattle, USA) and were adjusted for sex, age (16-25, 26-35, 36-45 , 46-65 years) and route of transmission (homosexual, heterosexual, intravenous drug use, other transmission of blood or tissue).
